: Equivalent circuit model of the presented meta-surface interacting with a horizontally-polarized electromagnetic wave. The horizontally-oriented metal lines function as inductors and the horizontal gaps between metal stripes function as capacitors in the metasurface equivalent circuit model. The equivalent circuit model of the meta-surface unit element during the modulation OFF mode, before deflecting the Au membranes, is shown in (a), where L open represents the effective inductance of the horizontally-oriented stationary metallic patches, L membrane represents the effective inductance of the moving membrane along the direction of the electric field of the incident electromagnetic wave, C 1 represents the capacitance between the stationary metallic patches on the substrate and the contact dimples of the moving membrane, and C 2 represents the capacitance between the moving membrane and the vertically oriented metallic trace that connects all the stationary metallic patches together. It should be noted that a basic circuit model is shown here to describe the overall variations of the meta-surface impedance and scattering parameters and more detailed parasitic elements can be added to this basic circuit model to offer more accurate estimate of meta-surface impedance and scattering parameters. The equivalent surface impedance of the meta-surface in this state with the illustrated equivalent circuit model is calculated as:
Also, the resonance frequency of the meta-surface in this state can be estimated as a function of the equivalent circuit parameters:
Comparing the obtained surface impedance with the surface impedance calculated by a finiteelement-based electromagnetic software package (HFSS) shows that the meta-surface impedance predicted by the presented equivalent circuit model is in agreement with HFSS numerical estimates. More specifically, within the modulator operation frequency of 0.1-1.5 THz, which is much smaller than the resonance frequency, the surface impedance of the meta-surface equivalent circuit model approaches a capacitive impedance value of Therefore, although the meta-surface equivalent circuit model consists of resonance elements, since the modulator operation frequency is much lower than the resonance frequency, the metasurface equivalent circuit model is capacitive within the modulator operation frequency range. Similarly, the equivalent circuit model of the meta-surface unit element during the modulation ON mode, after deflecting the Au membranes, is shown in (b), where L closed represents the effective inductance of the horizontally-oriented stationary metallic patches, L membrane represents the effective inductance of the moving membrane along the direction of the electric field of the incident electromagnetic wave, and C 2 represents the capacitance between the moving membrane and the vertically oriented metal trace that connects all the stationary metallic patches together. It should be noted that the effective length of the stationary metallic patch where electric current can be induced in response to an incident electromagnetic wave is shorter in this case compared with the case before deflecting the Au membranes. Since the contact dimples land on the stationary metallic patches almost half-way on the stationary metallic patches, L open is expected to be larger than L closed . The equivalent surface impedance of the meta-surface in this state with the illustrated equivalent circuit model is calculated as:
Comparing the obtained surface impedance with the surface impedance calculated by HFSS shows that the meta-surface impedance predicted by the presented equivalent circuit model is in agreement with HFSS numerical estimates. More specifically, within the modulator operation frequency of 0.1-1.5 THz, which is much smaller than the resonance frequency, the surface impedance of the meta-surface equivalent circuit model approaches an inductive impedance value of Therefore, although the meta-surface equivalent circuit model consists of resonance elements, since the operation frequency is much lower than the resonance frequency, the meta-surface equivalent circuit model is inductive within the modulator operation frequency range. 
